The model for quantifying local cerebral glucose metabolic rates originally developed by Sokoloff et aL and modified by Phelps, Huang and co-workers was applied to humans with cerebral ischemia (i.e" stroke), Rate constants for fluorodeoxyglucose were measured in ischemic and nonischemic regions with positron computed tomography, Using measured rate constants for ischemia. the model generates more accurate estimates of local cerebral glucose metabolism as compared to the use of rate constants from normal young adults, because the local metabolic rate is significantly underestimated, and temporal instability of the model is observed when normal values are
applied to ischemic regions. A method was also developed to test the stability of the local lumped constant. The estimates of the lumped constant showed no or only small variations between ischemic and nonischemic types. Thus, errors introduced in the calculated local cerebral glucose metabolism by inappropri ate rate constants appear to be more significant than those caused by any potential change in the lumped constant in ischemia.
The method of tomographic measurement of the local ce rebral metabolic rate fo r glucose (LCMRGlc) provides, for the first time, a noninva sive method of evaluating local ce rebral metabolism in humans in vivo. The technique has been pre vi ou sly described (Phelps et aI., 1979; Re ivich et aI. , 1979; Huang et al. 1980) and is an extension of the deoxyglucose autoradiographic approach for the me asurement of LCMRGlc (Sokoloff et aI., 1977 (Sokoloff et aI., , 1979 .
The model provides a measurement of LCMRGlc in animals, with [14C]deoxyglucose (DG), or in man, with [18F]fluorodeoxyglucose (FDG), if the fo llow ing parameters are known (parameters will be dis cu ssed only in terms of FDG): (i) the total local tissue radioactivity co ncentration of IHF [FDG plus FDG-6-phosphate (FDG-6-P)] and the capillary plasma FDG concentration as a fu nction of time; (ii) rate constants for fo rward and reverse transport between plasma and tissue (k� and k�) and fo r phos phorylation of FDG and dephosphorylation of FDG-6-P (ktl and k�); and (iii) the "lumped co n stant" (LC), which is a ratio of arteriovenous ex traction fraction of FDG to that of gluco se under steady-state conditions when k� is small. LC is a term that accounts for the differences in transport and phosphorylation between glucose and FDG.
Both DG and FDG are transported from blood to brain in a manner analogous to glucose (Bidder, 1968; Bachelard, 1971; Oldendorf, 1971; Horton et aI., 1973) . Both compete for hexokinase for phos phorylation to DG-6-P and FDG-6-P, re spectively (Bessell et aI., 1972; Re ivich et aI., 1979) but be cause FDG-6-P and DG-6-P cannot be transported through the cell membrane and are not metabolized fu rther through the glycolytic pathway, they are then trapped in the tissue (Horton et aI. , 1973) . This metabolic trapping effe ct facilitates measurements of tissue radioactivity concentration of FDG and DG and allows near-steady-state conditions for the tracer to be reached without significant loss of the tracer through metabolic processes. Because re lease from the metabolic trapping (i.e., dephos phorylation) requires glucose-6-phosphatase, an enzyme of normally low activity in the brain (Hers, 1957; Raggi et aI., 1960; Prasannan and Subrahma nyan, 1968; Lund-Anderson and Kj eldsen, 1977) , Sokoloff et al. (1977) did not consider the influence of dephosphorylation in their fo rmulation of the model. With the longer times of in vivo scanning in humans (compared to animal autoradiography in which the animal is sacrifice d at 45 min), dephos phorylation of FDG-6-P becomes more significant . In an effo rt to allow better quantification of LCMRGlc, Phelps et al. (1979) and Huang et al. (1980) included dephosphorylation in their modified model. Param eters necessary for the application of these models (i.e., rate constants and LC) have been evaluated fo r DG in rats (Sokoloff et aI. , 1977) and in monkeys (Kennedy et aI. , 1978) and fo r FDG in normal man Huang et aI. , 1980) . As discussed elsewhere (Phelps et aI., 1979) , within the normal range of metabolism the model is relatively insensitive to errors in estimates of the rate constants, but in extremes of metabolism (i.e., ischemia), significant errors in the rate constants, and thus in calculated values of LCMRGlc, can occur. Additionally, while the fo rmulation of the LC is such that it is probably relatively stable in states of altered metabolism (Sokoloff et aI. , 1977) , no method has yet been developed to assess its sta bility or numerical value on a regional basis, and direct measurement of its global value is difficult. We have developed an approach that permits test ing of the stability and estimation of the numerical value of LC regionally in normal and physiologi cally altered states. These methods were applied to a series of stroke patients to evaluate the LC in ce rebral ischemia and to establish sets of rate con stants appropriate for this condition.
MATERIAL AND METHODS

Compartmental Model
The original mathematical model (Sokoloff et aI. , 1977) as modified later Huang et al. 1980) to include the dephosphorylation of J Cereb Blood Flow Metabol, Vol. I. No. I. 1981 FDG-6-P is composed of three compartments: FDG in plasma, FDG in tissue, and FDG-6-P in tissue.
Their concentrations are denoted by ct (FDG in plasma), Ct: (FDG in tissue), and C:l'I (FDG-6-P in tissue), while C," CF, and ell refer to the corre sponding concentration of glucose and G-6-P. The basic assumptions of the Sokoloff model, with the exception of complete trapping of FDG-6-P, are ap plicable Huang et al. 1980) . They are (i) glycolysis is in steady state; (ii) conce ntra tions of glucose, FDG, G-6-P, and FDG-6-P are homogeneous in the compartments; (iii) conce ntra tions of FDG and FDG-6-P are small compared to glucose and G-6-P; (iv) transport of FDG and FDG-6-P between the three compartments obeys first-order kinetics; and (v) the extraction fraction of glucose and FDG from the plasma is small.
It can be shown (Phelps et aI., 1979; Huang et al., 1980) that the cerebral tissue concentration of FDG plus FDG-6-P as a function of time t [C '!(t)] can be expressed as
where @ denotes the operation of convolution and 0', = (kt + k::l + k� -[(kt + k� + kW -4ktk�J 1 / 2 ) / 2 0'2 = (kt + k� + k� + [ckt + k� + kW -4ktk�J112)/2. It can also be shown (Phelps et aI. , 1979; Huang et aI., 1980) that the metabolic rate of glucose in a local region may be expressed as a function of the rate constants of FDG in that region:
where Cp is the plasma capillary gluco se concentra tion and LC is the lumped constant. The lumped constant LC may be written as (Sokoloff et al., 1977; Phelps et aI. , 1979; Huang et aI., 1980) :
where 'A is the ratio of distribution volumes of FDG to that of glucose ('A = [kV(kt + q)]I[k 1/(k2 + k:J)] when k� is small, <p is the ratio of the differences between the rates of phosphorylation and dephos phorylation of glucose to its rate of phosphoryla tion, and VIII and V, h are maximum velocities and Kill and K/i, are apparent Michaelis-Menten constants for glucose and FDG, re spectively, in the phos phorylation reaction catalyzed by hexokinase.
Using Eq . 2 for the calculation of LCMRGIc is somewhat difficult because it requires the repeate d measurement of total ti ssue activity of FDG + FOG-6-P [C �(t)] in a given region over a long enough period of time (Y2 -1 h in normals, more than 2 h in ischemia) to allow calculation of the rate co nstants (k�, q. k'flo k"4) using Eq . 1 with a least square s curve-fitti ng routine together with mea sured values of FOG plasma conce ntration as a fu nction of ti me t [Cj,(t ) ]. If these rate constants are known (i.e., if values appropriate for the physio logical state of the patient being studied have al ready been determined), then the basic operational equation of the model may be used for the determi nation of metabolic rate (Phelps et aI., 1979; Huang et aI., 1980) :
where C�(T) is the ce rebral conce ntration of FDG + FDG-6-P at a single ti me T. This equation obviate s the calculation of the individual rate constants for a given region and requires only a single scan to ob tain a metabolic rate [although repeate d mea surements of Cj,(t ) fr om blood sampling are still re quired]. Implicit in the use of Eqs. 2 and 4 is the assumption that LC re mains constant and that pre determined values for it may be employed.
As discussed previously (Sokoloff et aI., 1977; Sokoloff, 1979; , all of the parameters of LC are ratios of te rms fo r glucose to FOG, exce pt for cP, and may be expecte d to remain relatively constant in state s of altered metabolism (i.e., direc tional changes in the numerator and denominator would be equal and the effe ct would be canceled in the ratios). This is, however, not the case for cP, since it only applies to gluco se (cP = (glucose phos phorylation -glucose-6-P dephosphorylation)1 (glucose phosphorylation». Mathematically, cP may be expre ssed as (5) where k:l and k4 are the rate co nstants for the phos phorylation and dephosphorylation of glucose, re spectively, and CE is the steady-state tissue con centration of glucose and C.l1 the steady-state tissue concentration of G-6-P. Because normally only a small amount of G-6-P is dephosphorylate d, cP is usually close to unity. The precise value, however, is difficult to determine, because the rate constants cannot be easily measured. As shown by Huang et al. (1980) , FOG and glucose are competitive sub strate s for hexokinase, and consistent with the ki netics of competitive substrates (Dixon and Webb, 1954; White et aI., 1968) , their rate constants can be expressed as 
where a is the same ratio of Michaelis-Mente n pa rameters used in the fo rmulation of LC in Eq . 3. As discussed above for LC, the ratio of these te rms would be expecte d to cancel any changes in the individual te rms.
The kinetic properties of cerebral glucose-6phosphatase have been investigated (Anchors and Karnovsky, 1975; Anchors et aI., 1977; Hawkins and Miller, 1978) . As discussed by Hawkins and Miller (1978) , the kinetics of the dephosphorylation of glucose and DG should obey the same laws of kinetics governing competitive substrates that de scribe the phosphorylation step. Thus, the rate con stants for the dephosphorylation step, k4 and k"4, can be expressed analogously to Eqs. 6 and 7 as VII�*IK II;* k"4 = 1 + CMK II;* + C.\ lIKII;
(9) k4 = VII:IKII: (10) I + C�/KII�* + C . IJI KII; kVk4 = VII;* K,,;IVII; KII:* = a
Here the prime refers to Michaelis-Mente n param eters of the dephosphorylation step. Since b is again a ratio of Michaelis-Menten parameters (although for dephosphorylation), the value of h is also ex pected to remain constant. Substituting Eqs. 8 and 11 into Eq . 5 re sults in
Thus, cP has been transformed into a fu nction of rate constants of FOG (k, and k"4) that can be measured, C\l and CE, and the hla ratio, a factor that should remain relatively constant-as discussed above. Changes in the ratio of C \l (G-6-P concentration) to Ct.' (glucose concentration) from normal to altered cerebral metabolic states can be estimated from animal data. Thus, if measurements of rate con stants reveal a change in the k*;Jq ratio (i.e., !1(k*;Jk �), defined as [(k*;Jk�)ischemic ]/[(k*;Jk�)non ischemic], does not equal 1), then unless there is an equal and opposite directional change in CI//C/<. from normal to ischemic tissue [!1(CJ)C;)], cp is unstable (it may decrease or increase depending on the changes in the above parameters) and LC is also, by infere nce, unstable. If !1(k�/k �) !1(CM/Cf;) = 1, then cp and LC are stable and equal to the control (baseline) value . In those cases in which cp is unstable, the mag nitude of the change in LC will depend on the h/a term in Eq. 12. Because h and a are both expected to remain constant, reasonable estimates of their magnitude in states of normal metabolism permit determination of their ratio in general and thereby allow direct evaluation of cp when k�, k�, CM, and CE are known. Reasonable estimate s for h and a can be obtained from the literature for mammalian (i.e., rat) brain. Sols and Crane (1954) fo und that the phosphorylation coefficient of DG relative to glu cose [defined as (V,t!VIII) (Kn,lK,t)] equals 0.3. This is identical in form to the term h in Eq. 8. This value is in good agreement with the result for 2-deoxy-2fluoro-D-glucose with yeast hexokinase (Bessell et aI. , 1972; Finch and Me rchant, 1979 ) of 0.45. Com parable values for the term a of Eq. 11 have also been measured for phosphatase in rat cerebral tis sue for glucose (Anchors and Karnovsky, 1975 ; Hawkins et aI., 1978) and DG (Hawkins and Miller, 1978) . Using these values, a = (Vn;*/Vn;) (Kn;/Kn;*) = 0.70, and substituting into Eq. 12 re sults in cp = 1 -(Q:l k�C I/ ) = 1 -( 04 3 k�C \l ) (13) 0.7 k�Ct;
. kt1CE
Equation 13 allows a reasonable estimate fo r the numerical value of cp, provided the k� and k� and the relative concentrations of G-6-P and glucose in the tissue (CII/Ct;) are known. This allows numerical in spection of changes in cp and thereby in LC .
Preparation of FDG and l:JNHa
FDG with specific activity of 20 -30 mCilmg was synthesized according to the method of Barrio et al . 1981 (1980, 1981) . The radiochemical purity was greater than 95% as assayed by thin layer chromatography. The preparation of 13NH 3 has been described else where (Vaalburg et aI., 1975) . The 13NH 3 was buffered to pH 7.4, and the radiochemical purity was greater than 99% with an ammonia concentration of less than 10-4 M. The patient doses (10 mCi FDG and 20 mCi 13NH:1 given intravenously) were sterile and pyrogen-free.
Determination of Rate Constants
The determination of rate constants in gray and white matter is based on Eq. 1. The total cerebral tissue concentration of FDG + FDG-6-P is de termined by repeatedly scanning one level over a period of time, thereby obtaining tissue lsF concen tration as a fu nction of time [C�(t)] in selected re gions. The capillary plasma FDG concentration as a fu nction of time [ct(t)] was obtained by direct sam pling of peripheral venous blood from the vein of a hand heated to 44°C to arterialize the blood [i .e., produce arteriovenous shunts (Phelps et aI. , 1979)] or by sampling arterial blood with a radial intra arterial line. Samples of 2 ml were taken every 10-15 s for the first 2 min, and the intervals were then progressively lengthened. FDG plasma con centrations were determmine in a NaI well counter after the samples were put on ice, centrifuged, and 0.5 cc plasma samples obtained with a calibrated pipet. Blood samples were also taken every 2 min for the first 10 min and then at 15 min intervals for determination of plasma glucose (Cp) by standard enzymatic techniques. This procedure has been described in detail elsewhere (Phelps et aI. , 1979; Huang et aI. , 1980) . The 18F tissue concentration curves [C�(t)] from above were fitted by Eq. 1 using the Marquardt Levenberg algorithm implemented on a PDP 11/55 computer. Convergence was usually obtained in 10-20 iterations.
Determination of LCMRGlc
Estimates of LC MRGlc were obtained by Eq. 2 using the directly measured rate constants and by Eq. 4 when averaged sets of rate constants were employed. Because, for any given region, the most accurate measurement of LCMRGlc can be ob tained with Eq. 2 and rate constants specific for that region, values obtained in this manner were used as the standard to which values obtained with Eq. 4 and average sets of rate constants were compared.
Scanning Method
Patients were scanned with the ECAT (Ortec, Inc., Oak Ridge, Tenn.) tomograph developed by Phelps and Hoffm an (Phelps et aI., 1978 (Phelps et aI., , 1979 . The ECAT region of intere st programs were used to obtain local FDG + FDG-6-P concentrations [CW) and C�(T)l. A single section was chosen and scanned repeatedly for the calculation of rate con stants. Scanning times of 3 min for the first 30 min ; 5 min for the next 30 min; and 10 min for the remain der of the study (2-3 h, depending on the patient) were employed.
All patients had an X-ray computed tomography scan prior to the procedure, and a preliminary 1 : 1 NH : 1 scan was performed with the intravenous injection of 20 mCi of 13NH:1 in 5 of the 6 patients. These studies helped to optimize the localization of the ischemic region. 1 3NH:1 can be used as a relative indicator of ischemia (Phelps et aI. , 1976 (Phelps et aI. , , 1977 Kuhl et aI., 1980) . After the appropriate level had been selected, FDG was injected intravenously and the above scanning sequence performed. Approxi mately 10-15 regions of intere st in each image were selected on each sequential scan for estimation of rate constants. For each region selected, a corre sponding region in the contralateral hemisphere was also obtained. This fac ilitated comparison of isch emic tissue to its contralateral (nonischemic) coun terpart.
RESULTS AND DISCUSSION
Six patients with clinical and scan findings con sistent with non he morrhagic stroke were studied. Table 1 summarizes pertinent clinical information in this group. Table 2 shows the rate constants determined in each patient in normal and ischemic tissue . Because it is often difficult to distinguish the precise demar cation from "normal" to "ischemic" tissue, normal values for gray and white matter were determined from measurements in the hemispheres contralat eral to the stroke, while only clearly ischemic re gions were included in the ischemic data (i .e., re gions questionably suppressed or supplied by col lateral circulation such as the anterior cerebral artery near a middle cerebral artery distribution stroke were not included) . Additionally, be cause the scanning level in each patient was chosen to optimize visualization of the ischemic area, it was not alway s possible to obtain well-delineated white matter regions. Furthermore, while identification of clearly ischemic regions of gray matter was easily accomplished by inspection of the FDG and 1 : 1NH:1 image in all patients, ischemic regions of white matter were more difficult to identify because of the essentially "normal" appearance of white matter directly adjacent to ischemic gray regions. Com paring local tissue activity concentrations in white matter adjacent to ischemic gray matter re gions 
Rate Constants in Normal and Ischemic Tissue
Standard deviations are given in parentheses.
Ahhreviations: C,,, plasma glucose concentration (mg/IOO ml); n, nonischemic; i, ischemic.
with their contralateral counterparts did not always produce identifiably ischemic white matter regions. This is probably related to the partial-volume effect and the relatively small size of some ischemic regions. Therefore, rate constants for ischemic white matter are not available in sev eral patients (group 2, Table 2 ), and the white matter rate constants that are available probablY repre sent significant admixture of gray and white matter. The patients were divided into two groups (1 and 2) based on the average value of the ratio of the glucose metabolic rate in ischemic tissue to that of the "normal" value in a homologous region of the contralateral hemisphere [MR;lMR", where i and n refer to ischemic and nonischemic, re spectively, and MR = k�kV(kt + k�)]. The actual glucose met abolic rate was determined with the measured rate constants using Eq. 2 [i.e., LCMRGlc = (CplLC) kWV(kt + k�)]. It is evident from inspection of Eq. likely to be similar within each ischemic group. Under this assumption the patient population was separated into two groups (Table 2) of severe isch emia (group 1; MRiIMR" gray = 0.37 ± 0.09, white = 0.58 ± 0.30) and mild ischemia (group 2; MRil MRII gray = 0.77 ± 0.09).
Figure s 1, 2A and 2B demonstrate representative scans for patients in each group (patient 1 in group 1 and patient 5 in group 2). There is significantly lower uptake of both 13NH 3 and 18FDG in the images of patient 1. Although a nonlinear flow indicator and therefore difficult to quantify, 13NHa serves as a use ful indicator of local perfusion (Phelps et aI., 1977 (Phelps et aI., , 1979 Kuhl et aI., 1980 ). There appears to be no activity in much of the right hemisphere on both the 13NH 3 and FDG images in Fig. 1 and in the ischemic left occipital area in Fig. 2 , but this is a result of limitations in the photographic technique. Mea surements of the local activity concentrations in these zones indicated values of about 30-50% or more of the contralateral regions. The "matched defect" on FDG and 13NH 3 scans for patient 1 was also observed in patient 3, while patient 2 did not have an 13NHa study performed. Patient 5, on the other hand (Fig. 2) , had a significant l:lNH;j uptake in the region corresponding to the ischemic region on the FDG image . This could represent "luxury perfusion," since the patient was improving clini cally at time of scan. This pattern was observed in 2 of the 3 patients in group 2. Patient 6 was an excep tion and will b e discussed in more detail below.
Averaged Rate Constants
The rate constants were generally lower in isch emic regions than in the homologous regions of contralateral hemispheres (Table 2 ). This pattern is most consistent in group 1, the more severely isch emic group, as would be expected. As discussed by Sokoloff et aJ. (1977) , Phelps et al. (1979) , and Huang et aJ. (1980) , the fo rm of the operational equa tion of the model (Eq. 4) is relatively insensitive to changes in the individual rate constants within a reasonable range of metabolic rates. However, in extreme cases of hypometabolism in cerebral isch emia, the use of average rate constants from normal young adults can potentially cause serious under estimations of the true metabolic rate. To determine a set of rate constants appropriate fo r ischemia, av erage rate constants were calculated for groups 1 and 2. Additionally, an average set of rate constants in the "normal" contralateral hemisphere was gen erated for all patients. The rate constants from pa tient 6 were excluded from the se averages because his condition of hyperglycemia was expected to change the individual values of the rate constants, although with Eq. 2 a reasonable estimate of LCMRGJc was still obtained (see discussion below). Table 3 illustrates these average values in addi tion to a set of rate constants determined in young normal volunteers by Phelps et aJ. (1979) and Huang et aJ. (1980) . The average values of the MRi param eter in ischemic white matter in group I (MRi = 0.0076 ± 0.00 14) is only slightly lower than that of ischemic gray matter in group 1 (MRi = 0.0079 ± 0.0008), although both are significantly lower than their counterparts in the contralateral hemisphere data (MR" gray = 0.023 ± 0.0046, MR" white = 0.0156 ± 0.0035; p < 0.01). As discussed above, this may relate to the partial-volume effect, al though it is also possible that gray matter may be relatively more depre ssed than white matter. Re cent reports, however, on cats with incomplete ce rebral ischemia (Welsh et aI., 1978) and in hypoxemic rats (Pulsinelli and Duffy , 1980) suggest that the opposite may occur, although these studies investigated acute states and their relationship to human stroke is unknown.
Patient 6, as mentioned above, was not included in the average rate constant determinations of Table  3 because of his hyperglycemia. As is evident from table 2, the individual rate constants for patient 6 (k�, k�, kt) are lower than their counterparts in pa tients 4 and 5 for both normal and ischemic gray matter. Equation 2 require s that for a given meta bolic rate, an increase in Cp will necessitate a corre sponding decrease in the value of MR = k�ktl(k� + kt). The corresponding values of MRII and MRi for patient 6 are 0.0076 and 0.0058, respectively. If Lower arrowheads (on 0.5 min image) indicate ischemic region. Upper arrowhead (0.5 and 2.5 min) indicates border of ischemic region. Tissue 18F activity and calculated LCMRGlc in this area is less than in the homologous contralateral tissue. Arrows indicate regions that have high uptake of FOG on the early (0.5 min) image, although LCMRGlc is not increased above other gray regions. The changes from early to late images illustrate the initial dependence of FOG uptake on blood flow and membrane transport and the later dependence on glucose metabolism and independence of blood flow and transport. these values are "normalized" by correcting the glucose level in this patient to the average value of patients 1 -5 (i.e., multiplying by 177.1/86.9 = 2.04), they then become MR" = 0.0155 (gray matter) and MR; = 0.0118 (gray matter). Both of these val ues are in reasonable agreement with the corre sponding values for the other patients in (i.e., group 2 ischemic gray MR; = 0.0196, con tralateral hemisphere gray MR" = 0.0233) but are still somewhat lower. This probablY reflects an overall lower LCMRGlc in patient 6, which is not surprising in view of his age (87 years) and clinical status (semi-comatose).
The MR parameters are compared directly in pa- tients ) -5 (rather than metabolic rates) because the Ct, (plasma glucose levels) are within )0% of each other in this group (see Table 2 ). MR parameters are useful indices fo r comparing relative metabolic rates if the other te rms in Eq. 2 (Cp and LC) are approximately the same in the regions being com pared. Thus, co mparison of MR indices is more useful for different regions in the same patient than comparable regions in different patients.
Effects of Rate Constants on Metabolic Rate Determinations
The effects of changes in the rate constants on LCMRGIc determinations were investigated by in serting the directly measured and average values of the rate constants from stroke patients and normal young adults into the operational equation of the FDG model (Eq. 4) and generating values of LCMRGIc. Figure 3 illustrates the typical changes in the calculated values of LCMRGIc in an ischemic region (patient 1, group 1) at diffe rent times after injection of FDG with the average rate constants from normal controls, average values fr om the group 1 ischemic gray matter, and the actual mea sured rate constants from the ischemic region. The value of LCMRGIc calculated with the actual mea sured rate constants and Eq. 2 was considered to provide the best estimate of the true LCMRGIc. With this reference , the use of rate constants fr om normal young adults persistently underestimate d the metabolic rate, and because the attainment of steady state is delayed in ischemia, the insensitivity of the model to accurate values of the rate constants is also delayed . The group average ischemic gray matter rate constants produce a more rapid con vergence and more accurate estimate of LCMRGIc. When the same set of rate constants was applied to all patients in group 1, this pattern was usually ob served in the ischemic regions examined . When all ischemic gray regions in group 1 were analyzed in this manner, and the averaged normalized meta bolic rates (i.e., values obtained with Eq. 4 divided by values obtained with Eq. 2) were plotted versus time (Fig. 4) , the more rapid convergence of the metabolic rates using group 1 ischemic rate co n stants was still observed, although overe stimations of the LCMRGIc occurred. This re sulted from tw o ischemic regions in patient 1, in which overe stima tion of LCMRGIc produced an overall increase in the average re sponse. Once again, the rate co n stants for normal young adults underestimated the true value of LCMRGIc. Both Figs. 3 and 4 show that, at early times after injection of FDG, rate con stants from young normal adults produced negative values of LCMRGIc. Figure 5 demonstrate s a typical ischemic region from patient 5 (group 2) in which the rate constants from the normal young adults again undere stimated the LC MRGIc but temporal stability was attained more rapidly than in group 1 (Fig. 3) . The use of rate constants from ischemic gray matter fr om group 2 calculated with Eq. 4 and rate constants from normal young adults (triangles), average ischemic gray matter rate constants (open circles), and the directly measured rate constants from this region (filled circles). The reference value of LCMRGlc (1.41 mg/min/100 g) in this region, using Eq. 2 and the measured rate constants for this region, is also shown. (Table 3 ) and the "normal" contralateral regions produced less undere stimation of LCMRGlc, al though convergence to a constant value was only marginally faster.
The difference in the use of rate constants fro m normal young adults and the values from the "nor mal" contralateral hemisphere in the stroke patients for the estimates of LC MRGlc was also studied. As divided by the reference value for each region obtained with Eq. 2 and the measured rate constants for each ischemic region. Triangles represent values obtained with rate constants from normal young adults, solid circles represent values with the measured rate constants of the specific re gions, and open circles the response with average group 1 ischemic gray matter rate constants.
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LCMRGlc as a function of time in an ischemic gray matter region from a group 2 patient (patient 5) calculated with Eq. 4 and rate constants from normal young adults (triangles), rate constants measured from this region (squares), averaged rate constants from ischemic gray matter in group 2 (open circles), and rate constants from "normal" contralateral hemispheres (filled cir cles). The value for LCMRGlc in this region calculated with Eq. 2 and rate constants for this region (3. 87 mg/min/100 g) is also shown.
is evident from Table 3 , the values of the MR" pa rameters in the contralateral gray matter are lower than in the control group of normal young adults, while there is essentially no difference in the values of MR" in white matter. This once again may reflect the partial-volume effect, although true depression of gray matter metabolism in hemispheres con tralateral to a stroke ("diaschisis") has been dem onstrated in prior studie s (Kempinsky, 1961; Hoedt-Rasmussen and Skinof, 1964; Me yer et al., 1970 ; Ginsberg et al., 1977; Re ivich et al., 1977; Slater et al., 1977) . [Note: The average CI' values in the young normal adults (9 1.9) is slightly higher than the average Cl' in patients 1 -5 (86.9), but this does not account for the difference in gray matter MR parameters between the groups. Calculated average values of LCMRGIc using Eq. 2 were obtained fo r each group, and these differences paralleled the MR parameters (Table 3) .J To investigate the significance of the difference in rate constants fro m normal young adult controls to the "normal" contralateral hemisphere s in the stroke patients, average values of LCMRGIc in "normal" contralateral gray and white matter were obtained and these values are plotted as a fu nc tion of time in Fig. 6 . It is evident that even in contralateral hemispheric tissue there was slight improvement in temporal stability of the calculated LCMRGIc by the use of average rate constants of the group. While there was still overestimation of LC MRGlc the rate constants from the contra late ral hemisphere s of this patient group gener ally yielded more accurate estimates of LCMRGIc than values obtained using the rate constants from young normal adults. The gray/white tissue ratio of LCMRGIc of 1.72 is in reasonable agreement with prior in vivo tomographic studies (Reivich et al.. 1979; Huang et al., 1980 ; Kuhl et al., 1980 ; Mazziotta et al., 1981) but is less than with in vitro studies, which normally yield values equal to or greater than 3 (Sokoloff et al ., 1977 ; Kennedy et al ., 1978; Pulsinelli and Duffy, 1980) . This is expected with the partial volume effect in positron tomography (Hoffman et aI., 1979) . Huang et al . (1980) , Kuhl et al . (1980) . and Mazziotta et al . (1981) have shown the global glucose metabolic rate measured with FDG and positron computed tomography to be similar to the global values measured in man by the Kety-Schmidt method. Assuming the brain to be comprised of 50% gray and 50% white matter, the expected average CMRGlc based on our data (averaging LCMRGlc of frontal parietal and occipital gray and white matter in the contralateral hemispheres) of 4.06 mg/minllOO g (Fig. 6) is less than the accepted 2 and the directly measured rate constants of each region are indicated for gray (5.13 ± 1.06 mg/min/100 g) and white matter (2.98 ± 0.79 mg/min/1 00 g). Values of CMRGlc obtained with Eq. 4 for white matter using rate constants from normal young adults (triangles) and rate constants from "normal"' contralateral hemispheres (filled circles) are shown. Corresponding values for gray matter using rate constants from normal young adults (open circles) and for rate constants from "normal" contralateral hemispheres (squares) are shown.
normal CMRGlc of 5.38 ± 0.77 mg/minllOO g based on an average of literature values (Huang et aI., 1980) . This again indicates there may be a true decrease in average contralateral hemisphere meta bolic rates of the stroke patients. [The standard deviations of LC MRGlc in the regions noted in Fig. 6 are larger than similar plots for LCMRGlc as a function of time in individual patients (i.e., Figs. 3 and 5) because there is more variability in metabolic rates fo r the same nonischemic region among different patients than there is in a single patient in a single region.] Other factors, however, such as aging (Gottstein and Held, 1979 ) may ac count for this decrease, and fu rt her studies are needed to distinguish the relative importance of the partial-volume effect, diaschisis, and aging. Thus, there appears to be a significant difference between groups 1 and 2 not only in degree of isch emia (Table 2 ) and rate constants (Table 3) , but also in the b.. (k*Jk�l) values.
The changes in cerebral metabolites (glycolytic intermediates and energy re serve metabolites) have been well described in the whole brain of mammals (rats) fo r complete (Lowry et al. 1964a,b; Nordstrom et a\. , 1978a; Siesjo, 1978) , and incom plete (Nordstrom and Siesjo, 1978; Nordstrom et aI., 1978b) ischemia, as well as during reperfusion after cessation of ischemia (Folbergrova et aI. , 1974; Nordstrom et aI., 1978b; Siesjo, 1978) . These have however, primarily dealt with metabolites of energy reserve (i.e., ATP, phosphocreatine, etc .) rather than glycolytic intermediates.
. Duffy, 1977; Pulsinelli and Duffy, 19 80) and global (Duffy et aI. , 1972) cerebral glucose metabolism during hypoxia in gerbils. Because these animal models generally employed short periods of ischemia (minutes to hours), only limited comparisons can be made to humans with strokes, who are generally studied days to weeks after the event. Additionally, because complete ischemia will lead to irreversible damage (infarction) in times generally less than hours, and certainly less than the times post stroke of patients in this serie s, the reperfusion studies and incomplete ischemia studies seem to most closely approximate the human stroke patient.
Studies have been performed on local (Le vy and
Group 2 patients, in whom cerebral blood flow was either near-normal or increased in 2 of the 3 patients and who were all studied within 8 days (60 h -8 day s) of the stroke, can reasonably be ap proximated by a reperfu sion model. During a period of acute ischemia, anaerobic glycolysis is stimulated (Siesj6, 1978) while during postischemic reperfu sion, Nordstrom and Siesj6 (19 78) and others (Folbergrova et aI., 1974; Siesj6, 1978) observed increases in cerebral tissue concentrations of G-6-P and fructose-6-P, while net glucose transport was decreased-compatible with inhibition of phospho fructokinase. In rats maintained on 70% N02, Nordstrom et aL (1978b) results indicated that the ratio of CMIC. · (tissue concentration ratio of G-6-P to glucose) in controls was 0.025, while after a 15 min period of ischemia and 90 min after reperfusion it was 0.028 for those with no EEG recovery and 0.018 for those with EEG recovery. After 30 min of ischemia and 90 min reperfusion, the corresponding values were 0.026 (control) and 0.036 (post-reper fu sion). Thus, Ll(CI//CfJ in these data ranged from 1.38 (30 min ischemia, 90 min reperfusion) to 0.72 (15 min ischemia, 90 min reperfusion with EEG re covery). Using our values of Ll(k*Jk't), the product Ll(k*Jk"3) Ll(CMIC,J ranged from approximately 0.71 to 1.35 if applied to group 2, in which Ll(k*Jk�i) = 0.98. Thus cp may or may not be stable depending on how far from 1.0 this product actually lies. The numerical effects of this variation will be discussed below.
In group 1 ischemic gray matter, Ll(k*Jk"3) = 2.64 ± 0.58. The average metabolic deficit was greater than in group 2, and in those who had a concurrent 13NH : l scan, flow was substantially reduced. Be cause viable tissue was present in even the most ischemic regions (evidenced by FDG uptake and a nonzero value of k't), the data suggest that a model of ischemia such as "incomplete ischemia" is more appropriate for this group. In a study of incomplete cerebral ischemia in rats (Nordstrom and Siesj6, 1978) , the G-6-P/glucose ratio of 0.023 in controls in creased after 5 min of incomplete ischemia to 0.06 and 0. 124 in animals anesthetized with N20 and phenobarbital, respectively. The directional change of LlCMICf. (i.e., 2.6 to 5.4) is in good agreement with prior studies of complete ischemia (Lowry et aI., 1964a,b ; Meyer et aI., 1970; Lund-Anderson and Kj eldsen, 1977) . It should be noted that in the very early phase of acute ischemia, Lowry et aL (l964a) noted a decrease in the G-6-P/glucose ratio (i.e., tJ.. CJdC; < 1). During generalized motor seizures there is a similar fall in G-6-P relative to glucose, and as discussed by Duffy et a! . (1975) and Sactor et a! . (1966) , this could imply that the phosphoryla tion of glucose is rate-limiting in these conditions, although the time period involved appears to be short (i.e., seconds) and thus unlikely to apply here . Additionally, in none of the patients studied in this series was there a well-defined increased up take of FDG in an ischemic region, although this phenomenon has been reported in patients with stroke . In such situations, tJ.. (c'IIICf; ) may be less than 1. Thus, intermediate glycolytic levels, somewhere in between the ex tremes of complete ischemia or reperfusion, probably apply in group 1, implying tJ.. C.IIICf., = 0.71 -5.4. This, combined with tJ.. (k *Jk �l) = 2.64, produced a tJ.. (k �/k "3) tJ.. (C,II ICE ) product of appro ximately 1.9 -14.3, and cp and LC thus are unstable (i.e., changing) in this group. As discussed above, the magnitude of cp and thus the change in LC can be estimated from Eq. 13:
Choosing relative intracellular concentrations of glucose (Cf;) and G-6-P (C.II ) to maximize the tJ..( k *Jk �l) tJ.. (CMICfJ product for ischemic tissue in group 1 as discussed above re sulted in the fo llowing (using k� and k� from contralateral gray and isch emic group 1 gray matter as control and ischemic rate constants, respectively): Group 1 cp (control) = 0.999 cp (ischemia) = 0.992 A similar calculation for group 2 ischemic tissue, using the data cited above for those situations in which tJ.. the glycolytic state of human stroke, it is evident fro m the above results that very large changes in tJ.. (k �/k "3) and tJ.. (C" dCf;) are necessary to cause appreciable changes in cp and LC , Although the above approach needs to be ex tended by more investigative work, the initial indi cation that one would derive from the se data is that the potential variability of the LC in ischemia may not be as serious as inaccuracies produced from the large variations in the rate constants compared to values in normal subjects. The determination of an average set (or sets) of rate constants for ischemic tissue and other altered states of metabolism re quires more extensive studies than presented in this work. Possible variations in LC due to changes in the ratio of the distribution volumes of FDG to glu cose during ischemia are presently being examined.
